Cubitus interruptus (Ci) is a transcriptional factor that is positively regulated by the hedgehog (hh) signaling pathway. Recent work has shown that a 75-kDa proteolytic product of the full-length CI protein translocates to the nucleus and represses the transcription of CI target genes. In cells that receive the hh signal, the proteolysis of CI is inhibited and the full-length protein can activate the hh target genes. Because protein kinase A (PKA) inhibits the expression of the hh target genes in developing embryos and discs and the loss of PKA activity results in elevated levels of full-length CI protein, PKA might be involved directly in the regulation of CI proteolysis. Here we demonstrate that the PKA pathway antagonizes the hh pathway by phosphorylating CI. We show that the PKA-mediated phosphorylation of CI promotes its proteolysis from the full-length active form to the 75-kDa repressor form. The PKA catalytic subunit increases the proteolytic processing of CI and the PKA inhibitor, PKI, blocks the processing. In addition, cells do not process the CI protein to the 75-kDa repressor when all of the PKA sites in CI are mutated. Mutant CI proteins that cannot be phosphorylated by PKA have increased transcriptional activity compared with wild-type CI. In addition, exogenous PKA can increase further the transcriptional activity of the CI mutant, suggesting that PKA has a second positive, indirect effect on CI activity. In summary, we show that the modulation of the hh signaling pathway by PKA occurs directly at the level of CI phosphorylation.
Although several signaling cascades have been characterized in detail in multiple organisms, the hedgehog (hh) signaling pathway is of special interest because it plays an important role in the developmental process. The hh gene was first identified by a genetic screen for mutations affecting segment polarity in the Drosophila embryo (1) . The hh gene encodes a secreted protein (2) , HH, that is involved in pattern formation in both embryogenesis and disc development (3, 4) . HH is synthesized in cells located in the posterior compartment of the imaginal discs. The expression of HH is maintained by another secreted protein, Wingless (WG) (2, (5) (6) (7) , which regulates the expression of a homeodomain transcriptional factor engrailed (en) during early stages of embryo development (8) (9) (10) . Upon secretion, HH diffuses anteriorly to function in a distance-and concentration-dependent manner to stimulate the transcription of the hh target genes, which include decapentaplegic (dpp), wingless (wg), and patched (ptc) (3, 4, 11, 12) . At the membrane level, HH binds to its postulated receptor (ptc), which has at least seven putative transmembrane domains, relieving the inhibition of ptc on smoothened (smo) (13) (14) (15) (16) (17) . Consequently, smo activates cubitus interruptus (ci), which encodes a transcriptional factor involved in mediating the hh signal from the membrane to the nucleus (18) (19) (20) . Additional regulators of the hh pathway include costal2 (cos2), which is believed to tether CI in the cytoplasm (21, 22) , and two protein kinases, fused ( fu) and protein kinase A (PKA), whose specific targets are unknown. fu is believed to activate and PKA to inhibit hh signaling pathway, although it is not clear how these protein kinases regulate the expression of hh target genes (21) (22) (23) .
Domain exchange experiments in flies and yeast have demonstrated that CI protein has separable domains: a zinc finger DNA binding domain and an acidic carboxyl-terminal activation domain (19, 20, 24) . The CI DNA binding domain consists of five tandem C 2 H 2 zinc fingers located between aa 442 and 621 (18) . Electromobility shift assay shows that this fragment of CI binds specifically to the ptc and wg promoters containing CI consensus binding sites (20, 24) . In vivo cytological studies also show that CI protein binds to the promoters of ptc, wg, and en (25) . Substituting the activation domain (aa 970-1,282) in ci with the repressor domain of en (aa 228-282) converts CI from an activator to a repressor in vivo (19, 24) . Within its five tandem zinc fingers, CI protein shares a high degree of homology with the proteins of the vertebrate Gli gene family (26, 27) , the Caenorhabditis elegans sex determination gene tra-1 (28) , and the Xenopus transcriptional factor TFIIIA (29) . GLI proteins are transcriptional factors involved in the Sonic hedgehog (Shh) signaling cascade that play an important role in limb patterning and in determining the cell fate in the central nervous system during vertebrate development (30) (31) (32) .
Aza-Blanc et al. (25) have shown that CI exists in two cellular forms, a 155-kDa full-length transcriptionally active form and a 75-kDa N-terminal truncated repressor form. Most of the 155-kDa full-length CI exists in the cytosol in a multiprotein complex, including COS2 and FU tethered to the microtubules (21, 22) . The domain responsible for keeping CI from entering the nucleus is mapped from aa 703 to 850, C terminal to the CI nuclear localization signal (aa 611-614) (25) . In the absence of hh-smo signaling, the 155-kDa CI protein is either sequestered in the cytosol by its tethering domain or proteolyzed to generate the 75-kDa repressor, thereby exposing the nuclear localization signal. Consequently, this repressor form translocates to the nucleus, binds to the promoters of the hh target genes, and inhibits their expression. When cells receive the hh signal, the full-length active form is released from the microtubule complex through unknown mechanisms and the proteolytic process is inhibited. Therefore, more active CI translocates into the nucleus, less of the repressor form is generated, and the hh target genes are activated.
PKA participates in Drosophila embryo and disc development by antagonizing the hh signaling cascade. In the absence of PKA, the level of full-length CI increases and the expression of dpp, wg, and ptc is induced (33) (34) (35) (36) . In addition to its negative regulation of wg and ptc, PKA can also potentiate the activation of these genes by the hh pathway, suggesting a dual role of PKA in signaling (37) . However, the details of the mechanism for PKA modulation of the hh target gene expression still remain unclear. In this study, we demonstrate that the PKA pathway acts directly on CI to regulate its activity by controlling the degree of proteolysis. In addition, we show that the proteolysis of the CI protein requires the phosphorylation of CI by PKA.
MATERIALS AND METHODS
Plasmids. We used pPac5c (kindly provided by M. Krasnow, Stanford University), which has the actin 5C proximal promoter to drive protein expression, as our expression vector in Kc cells. A luciferase cDNA containing the simian virus 40 poly(A) signal was excised from pGL3-Basic (Promega) and cloned into pPac5c at the BamHI site to generate pPacluciferase. The rat PKA catalytic subunit (␣) cDNA was excised from RCABSSK (provided by R. Maurer, Oregon Health Sciences University) by an NdeI͞BamHI digestion and cloned into pPac5c to generate pPac-PKA. pPac-PKI was constructed by inserting the 182-bp HindIII͞BglII fragment, which contains the cDNA encoding PKI (inhibitor of cAMPdependent protein kinase) into pPac5c. pPac-CI (wild type) and the rest of the CI mutants were made by ligating a BamHI linker to the ends of the Ci cDNA and inserting the fragment into the BamHI site of pPac5c. The CI PKA mutants were generated by mutating the serine codon in each PKA site to alanine by using the Promega site-directed mutagenesis kits and following their protocol. The PKA sites mutated are Ser-838, Ser-856, Ser-892, and Thr-1006, and we designate each of the alanine substitutions of these sites as m1, m2, m3, and m4, respectively. Hemagglutinin (HA)-tagged CI constructs were made by inserting oligos encoding HA sequences into the MluI site at the fifth amino acid in CI. The ADHCAT͞ GLI6BS (ADHCAT with six GLI binding sites fused upstream of ADH promoter) reporter vector has been described elsewhere (38) .
Maintenance and Transfection of Kc Cells. Kc cells (kindly provided by L. Cherbas, Indiana University) were maintained in Schneider medium (GIBCO͞BRL) supplemented with 5% heat-inactivated fetal calf serum (HyClone), 100 units͞ml penicillin G, and 100 mg͞ml streptomycin sulfate in a humidified incubator at 25°C. Transfections were carried out by the standard calcium phosphate method (GIBCO͞BRL). Approximately 3 ϫ 10 6 cells were seeded in 6-well dishes. Fifteen micrograms of DNA (100 ng of pPac-luciferase͞5 g of ADHCAT͞GLI6BS reporter gene͞2 g of pPac-CI construct͞4 g of pPac-PKA or PKI plus 4 g of pPac) was transfected into Kc cells the following day and allowed to express for 2 days. The cells were washed with PBS and processed for luciferase and chloramphenicol acetyltransferase (CAT) assays as described (39) . The CAT activities were normalized to the luciferase activities. All of the transfections were repeated at least three times with different plasmid preparations and were carried out in triplicate.
For immunoprecipitation and western blots, 10 g of pPac-HACI (WT) or pPac-HACI (null) (mutant CI with all the PKA sites mutated), and 10 g of pPac vector, pPac-PKA, or pPac-PKI were transfected into Kc cells (Ϸ10 ϫ 10 6 cells) seeded on 100-mm dishes. Transfection mix was washed from the cells 24 hr after transfection and cells were cultured for 2 more days before harvesting for immunoprecipitation.
Immunoprecipitation and Western Blots. Cells were washed briefly with cold PBS, scraped off the plates, and collected by centrifugation. The cell pellet was resuspended in Harlow buffer (50 mM Hepes, pH 7.5͞0.2 mM EDTA͞10 M NaF͞ 0.5% Nonidet P-40͞1 mM DTT) containing 250 mM NaCl supplemented with protease inhibitors [10 g͞ml leupeptin͞10 g͞ml pepstatin A͞10 g͞ml antipain͞10 g͞ml transepoxysuccinyl-leucylamido (4-guanidino)-butane (E64)͞1 mM 4-(2-aminoethyl)-benzenesulfonyl f luoride (AEBSF)] and lysed at 4°C with rocking for 30 min. The cell extract was collected by saving the supernatant after centrifuging the lysate for 5 min at 4°C. The cell extract was precleared with protein G agarose beads for 30 min at 4°C, and the precleared extract was recovered by centrifugation followed by incubation with rat monoclonal anti-HA antibody (1:200 dilution, Boehringer Mannheim) on ice for 2 hr. The HACI-HA antibody complex was precipitated by incubating the extract with protein G agarose beads at 4°C for 1 hr. The immunocomplex was centrifuged, resuspended in protein loading buffer, boiled, and loaded onto an SDS͞6% PAGE gel. Fractionated cell extracts were then electronically transferred to Immobilon-P membrane (Millipore) by using a semi-dry transfer apparatus and reacted to antibody (mouse monoclonal anti-HA antibody, 1:100 dilution; Boehringer Mannheim) following the protocol provided with enhanced chemiluminescence kits (Amersham).
Blot stripping was performed in solution containing 62.5 mM Tris⅐HCl (pH 6.7), 2% SDS, and 100 mM 2-mercaptoethanol at 50°C for 30 min. Next the blot was reacted with primary CI antibody [made in rat against the carboxyl terminus of CI; provided by R. Holmgren (Northwestern University), 1:1 dilution] and proceeded as described above.
RESULTS AND DISCUSSION
We have recently described the interaction between CI and the transcriptional coactivator Drosophila CREB-binding protein (dCBP) (38) . In an effort to understand the role of PKA in the regulation of this interaction, we examined the effect of PKA phosphorylation on CI-mediated transcriptional activation in Drosophila Kc cells. Our previous results showed that CI activates the ADHCAT͞GLI6BS reporter gene (a CAT reporter gene whose expression is driven by six tandem Gli binding sites fused upstream of the ADH promoter) in a dose-dependent manner in Schneider S2 cells (38) . CI has the same dose-response curve in Kc cells as in S2 cells, with an EC 20 of 2 g (data not shown). When the catalytic subunit of PKA, pPac-PKA, is cotransfected with pPac-CI, we observe a slight decrease in CAT activity (Fig. 1A) . To suppress any endogenous PKA that might affect CI activity, we examined the effects of a PKA inhibitor, pPac-PKI, in similar cotransfection experiments. In these experiments, we observe a 5-to 8-fold increase in CAT activity (Fig. 1 A) suggesting that PKA negatively regulates CI-mediated transactivation.
A search for the RRXS͞T consensus PKA phosphorylation motif (40) yields four consensus PKA phosphorylation sites clustered in the C-terminal transactivation domain (Fig. 1B) . To determine whether PKA affected CI transcriptional activity directly, we mutated the serines in the PKA sites to alanines either singly [m1 (Ser to Ala at aa 838), m2 (Ser to Ala at aa 856), m3 (Ser to Ala at aa 892), m4 (Thr to Ala at aa 1,006)] or in various combinations including the mutation of all four sites (null). We cotransfected the PKA mutants with the reporter construct as before and compared the CAT activities with that of wild-type CI. As shown in Fig. 1C, m1, m2, m3 , and the mutation that is null for all four PKA sites greatly stimulate CI activity, whereas m4 has less of an effect. This result suggests that the inhibition of phosphorylation of any one of the first three CI PKA sites is sufficient to stimulate CI transcriptional activity. We concentrated the remainder of our study on CI (null) to study the effects that PKA phosphorylation might have on CI activity or processing. To ensure that we had eliminated all of the PKA sites required for the PKA regulation of CI transcriptional activity, CI (null) was cotransfected with PKI into Kc cells. As expected, we do not observe any further increase in CAT activity when CI (null) was cotransfected with PKI (Fig. 1D) . However, when PKA and CI (null) were cotransfected, we observed a further increase in CI-mediated transcriptional activation (Fig.  1D) . Although the increase (2-to 3-fold) is not as large as the increase of CI (null) versus wild-type CI (10-fold), it was found to be consistent. Consequently, although the major effect of PKA activity in our system is negative, when CI is no longer the target for PKA phosphorylation, a minor positive effect of PKA is unmasked. PKA might phosphorylate other factors crucial for CI-mediated transactivation, such as dCBP, to activate CI-mediated transcription. Our observation of this dual role played by PKA is in agreement with the genetic result by Ohlmeyer and Kalderon (37) that overexpression of the PKA catalytic subunit increases the hh target gene expression in a ci-and smo-dependent manner.
Recent studies show that the hh signal transduction pathway activates CI by inhibiting the proteolytic process that generates a transcriptional repressor form (25) . The evidence shows that CI exists in two forms: (i) a full-length protein that is tethered in the cytosolic fraction by a domain near the carboxyl terminus and (ii) a 75-kDa N-terminal proteolytic product that translocates to the nucleus and inhibits CI target gene expression (25) . When cells are stimulated by hh, the proteolysis is inhibited and the transcriptional block imposed by the 75-kDa CI protein is relieved. Because our results indicate that the phosphorylation of CI by PKA is involved in the regulation of CI activity, we determined whether the PKA phosphorylation of CI regulates the proteolytic processing as well. Kc cells were transfected with HA-CI (WT) or HA-CI (null) (Ci cDNA fused to an N-terminal HA tag) and the exogenous HA-CI protein was precipitated from whole-cell extracts by a rat monoclonal anti-HA antibody. The immunoprecipitated proteins were separated by PAGE, transferred to nitrocellulose, and probed with a mouse monoclonal anti-HA antibody or CI antibody made against the CI carboxyl terminus (18) . As shown in Fig. 2A , the HA antibody detected both the 155-kDa full-length form and the 75-kDa form when HA-CI wild type was transfected into Kc cells. When HA-CI (null), which has all four PKA sites mutated, was transfected into cells, we could not detect the 75-kDa CI protein (Fig. 2 A) , indicating that PKA phosphorylation of CI is required for the proteolysis of CI. Kc cells were also cotransfected with HA-CI (WT) or HA-CI (null) and either PKI or PKA. Cotransfection of PKI with HA-CI (WT) inhibited the formation of the 75-kDa CI protein, whereas the cotransfection of HA-CI (WT) and PKA stimulated the formation of the 75-kDa CI product (Fig. 2 A) .
(The ratio of the 75-and 155-kDa proteins is quantitated in Fig. 2C .) This result suggests that the phosphorylation of CI by Proc. Natl. Acad. Sci. USA 95 (1998) PKA stimulates the proteolytic processing of CI in Kc cells. When we coexpressed PKA or PKI with HA-CI (null) we could not detect the 75-kDa CI protein ( Fig. 2 A and C) . To ensure that the 75-and 155-kDa bands represented the N terminus and full-length CI, respectively, the filter that was probed with the HA antibody was stripped and probed with a rat anti-CI antibody made against the CI carboxyl terminus. As shown in Fig. 2B , the CI antibody detected the full-length CI and failed to detect the 75-kDa protein, indicating that the 75-kDa band detected with HA antibody is the N terminus of CI. A large body of genetic evidence has demonstrated that the transcription factor ci is activated in response to the hh signal transduction cascade (20, 24, (41) (42) (43) . A mechanism to account for this activation was presented by Aza-Blanc et al. (25) who showed that hh signaling suppresses the cleavage of an active CI protein into a 75-kDa repressor, which migrates into the nucleus and inhibits the activation of CI target genes. It has long been known that the PKA signaling pathway can inhibit CI-mediated transactivation (33-36) ; however, the direct targets of PKA and the crosstalk between the hh and PKA signaling cascades have never been elucidated. In this paper we use CI proteins, which are mutant for PKA phosphorylation sites, to show that PKA directly regulates CI activity by promoting its proteolytic processing. We provide evidence that the hh and PKA signaling cascades converge on the regulation of full-length CI protein levels (a model is summarized in Fig.  3 ). According to this scenario, cells located in the anterior compartment of a developing disc express an activated PKA pathway that phosphorylates the CI protein and this phospho-CI is targeted for proteolysis. The 75-kDa proteolytic product migrates into nucleus and binds to CI binding sites in the promoter of hh target genes. Because the 75-kDa repressor lacks the activation domain, which also includes the dCBP interaction domain (Fig. 1 B and ref. 38) , it cannot recruit dCBP to the promoter and presumably inhibits the transcription from the downstream genes (Fig. 3A) . When cells located along the anterior͞posterior boundary receive the hh signal, we propose that PKA activity is suppressed and CI protein phosphorylation is inhibited. As a result of this inhibition, the proteolysis of CI is suppressed. Therefore, the level of 75-kDa repressor is decreased and the level of the active, CI protein is increased. The active form of CI may be a full-length protein or an alternative proteolytic product that includes the DNA binding domain and carboxyl-terminus transactivation domain, which can act as an activator in vivo (ref. 29 and Y. Chen and S. Smolik, unpublished observation). This alternative proteolytic event is PKA independent, because PKI has no effect on the activity of the CI (null) protein. Two possible mechanisms may account for the increased CI activity. One is that the cytosolic compartment of the anterior cells can only tether a certain proportion of active CI; the other possibility is that smo signals to the CI-FU-COS2-microtubule complex through some unknown mechanism. In any case, when the level of the active form of CI increases, more CI protein migrates into the nucleus, binds to the CI binding sites, recruits the coactivator dCBP to the promoter, and activates the transcrip- In addition to the inhibition of CI transcriptional activity by PKA we have shown that PKA enhances CI-mediated transactivation when CI cannot serve as a PKA phosphorylation target, suggesting that PKA plays a dual role in regulating the transcriptional activity of CI protein. Although we cannot rule out the possibility that PKA activates CI directly through the phosphorylation of a cryptic PKA site, this seems unlikely because we cannot inhibit the activity of the CI (null) protein with the addition of PKI. Our interpretation of this result is that PKA activates other factors that CI recruits to the promoter, such as dCBP. Drosophila CBP has several consensus PKA sites, one of which is located between the third and fourth zinc fingers and is well conserved among p300͞CBP gene family. Swope et al. (44) have shown that a GAL-CBP 1678 -2441 fusion protein, which includes this conserved PKA site, is a transcription activator and the activity of this chimera increases when PKA activity is stimulated in PC12 cells; however, there is no evidence as yet that PKA increases CBP activity by phosphorylation of this site. In addition, the finding that the activity of GAL-CBP 1-460 is greatly stimulated by PKA treatment in PC12 cells (17-fold) further supports the idea that PKA modulates the activity of CBP. However, our results do not rule out the possibility that PKA phosphorylates and activates other transcriptional factors involved in CI-mediated gene activation as well. Whether the hh-smo pathway directly affects PKA function is unclear. Smo encodes a seven transmembrane domain protein reminiscent of G-protein coupled receptor. It also carries a consensus carboxyl-terminal PKA phosphorylation site that is characteristic of the site involved in ligand-binding induced receptor desensitization. It may be that smo couples to an effector, such as adenylate cyclase, through a G protein, such as G i , to negatively regulate PKA activity (16, 17) .
In summary, we have shown that PKA has a direct negative effect on CI-mediated transcriptional activity, and this negative effect is, at least partially, because of the stimulation of CI proteolysis upon PKA phosphorylation of CI protein.
Besides the negative effect, PKA also has a indirect positive effect on ci activity, suggesting a dual role of PKA in regulating the hh signaling output. Our data are in agreement with previous genetic findings and provide a biochemical mechanism for the PKA regulation of the hh signaling pathway. 
